Abstract -The authors investigate the dynamical behaviour of a Duolever type of suspension on a standard sports motorcycle.
INTRODUCTION
One of the most important factors on motorcycle stability is the front end. It links the front wheel with the main frame and has two main functions: the suspension of the front wheel and the steering of the motorcycle. Up to this date several suspension systems have been developed to reach the best behaviour of the front end, being the telescopic fork the most extended one. The HossacklFior (marketed as Duolever), decouples the suspension and steering functions. One of its advantages is that it can be designed to achieve a desirable performance when suspension action takes place in terms of wheelbase, trail and head angle. The purpose of this paper is to study the effect of a Duolever suspension system on the dynamical properties of high performance motorcycles.
Making use of Duolever's configurable properties in terms of wheelbase, head angle and trail, an eventual alternative front suspension is designed. This is done making use of the mathematical modelling and simulation of a motorbike. It will predict the behaviour of the various systems and help to decide which one is the most appropriate as base of the alternative front suspension system. The authors base this work on an existing high fidelity model of a Suzuki GSX-R! 000, extensively used and validated in previous research (see [I] , [2] and [3] ),. The suspension system is designed by using algebraic methods to ensure as a first approach that similar properties and parameters to the original design are kept so that they can be compared under equal conditions. This is; similar head angle, trail, masses and inertia, etc. Later on, parameters such as mass or inertia will be varied -always within the limits of engineering constrictions-to study their influence on the motorcycle'S dynamical properties.
The structure of this paper is as follows: Section II introduces the high-fidelity motorbike mathematical model which forms the basis of this work including a description of the modelling software VehicleSim. Section TIT contains an explanation on the Duolever system. Parametrization methodology, optimization of the parameters and suspension behaviour are also included. Section IV discusses on the oscillation modes and stability issues arising from the Duolever suspension. Finally, the results are discussed in section V and some future research ideas are presented.
11.

MODEL DESCRIPTION
The model used is based on an existing model of a Suzuki GSX-RIOOO used in the past for several contributions in the field of motorcycle dynamics and stability analysis (see [4] , [5] , [6] , [7] , [8] ). It consist of seven bodies: rear wheel, swinging arm, main frame (comprising rider's lower body, engine and chassis), rider's upper-body, steering frame, telescopic fork suspension and front wheel assembly. It involves three translational and three rotational freedoms of the main frame, a steering freedom associated with the rotation of the front frame relative to the main frame and spinning freedoms of the road wheels. The road tires are treated as wide, flexible in compression and the migration of both contact points as the machine rolls, pitches and steers is tracked dynamically. The tyre's forces and moments are generated from the tyre's camber angle relative to the road, the normal load and the combined slip using Magic Fonnulae models [9] and [10] . This model is applicable to motorcycle tires operating at roll angles of up to 60°.The aerodynamic drag/lift forces and pitching moment are modelled as forces applied to the aerodynamic centre and they are proportional to the square of the motorcycle's forward speed. In order to maintain steady-state operating conditions, the model contains a number of control systems, which mimic the rider's control action. These systems control the throttle, the braking and braking distribution between the front and rear wheels, and the vehicle's steering.
For a detailed description of the complete model the reader is referred to [3] . It has been developed using VehicleSim [11] , it is a set of LISP macros, enabling the description of mechanical multi-body systems. The outputs from VehicleSim are a simulation program based on "C" language with the implementation of the equations of motion and a Matlab [12] file containing the model's linear state-space equations.
VehicleSim commands are used to describe the components of the motorcycle multi-body system in a parent-child relationship according to their physical constraints and joints. Once the VehicleSirn code generates the simulation program, this is capable of computing general motions corresponding to specified initial conditions and external forcing inputs. can be compressed or elongated in order to reach the length between the handlebar and the forle See [13] and [14] for more detailed information about Duolever systems. Fig. 1 shows a schematic CAD design for a standard motorcycle fitted with a Duolever system: the different structural points of the duolever and the parameters defining its geometry have been marked in red. The spring-damper unit has not been included to help a clearer view. Figure I . 3D kinematic components of a Duolever system. Parameters and points defining the Duolever geometry.
A. Parametrization
The position of all the points is calculated in order to keep the model as close as possible to the configuration of the original motorbike described before. First of all, the parameters which must be considered in the design of the system the Duolever must be defined. These parameters are ll, 12, hI, h2 and a. Where II and 12 are the lengths of the upper and lower wishbones, hI is the distance between the attachment points of the upper and lower wishbone, h2 is the distance between the tips of the upper and lower wishbones and a is the nominal angle formed between the upper wishbone and the horizontal.
With these parameters and the head angle the Duolever system is defmed. The question is to fmd the attachment point to the main frame. To simplifY this task the model of the motorbike is reduced to four main bodies: rear frame, front frame and two wheels. Two axes are considered: the rear-axis is the axis from the rear wheel attachment point to the point of attachment of the conventional front fork and, the front-axis, starting at this same point and fonning the head angle with the vertical. The main points defmed are: dp I: attachment point of upper wishbone in main frame.
dp2: attachment point of/ower wishbone in main frame.
dp3: tip of the lower wishbone.
dp4: tip of the upper wishbone.
dp5: spring-damper unit in lower wishbone.
dp6: spring-damper unit in main.
pts: point located at the origin of the twist body in GSX R1000 model when telescopic fork suspension was used. Now it is an auxiliary point located at the same position.
Tn order to not modifY the steering axis of the original model, dp3 and dp4 should be located on the front-axis and dp1
is placed in the rear-axis to keep the delta-box configuration. Whilst for a telescopic fork suspension system it is not possible to modifY this behaviour, in a Duolever system the parameters 1I, 12, hI, h2 and a. can be optimized in order to modifY it. Fig. 3 shows this concept. For the (simplest) case of a parallelogram structure, the same result as for the conventional fork can be obtained due to the steering axis remains parallel to its initial direction along the full suspension travel.
2) Parameters variations:
The starting point for the optimization of the Duolever is to As it can be seen, the variation with the parameters change is complicated enough to dissuade us to attempt a manual setting of them if we want to get constant trail or wheelbase.
An automated optimization process is clearly needed to resolve this task.
3) Optimization process:
The goal is to find an optimal Duolever's parameter set Vertical Suspension Travel (mm) Figure 5 . Wheelbase and normal trail behaviour with the vertical suspension travel for the geometrical standard and optimized models.
However, because we have used as target function the variation of the normal trail, the wheelbase is not kept constant but increases with the vertical suspension travel. Nevertheless this variation represents less than 1 % and is not considered to be representative enough.
IV. OSCILLATORY MODES AND STABILITY ISSUES
One possible consequence of introducing new features and geometry changes in a motorcycle is that the stability of the system can be severely compromised. Motorbikes are nonlinear, oscillating complex systems that can represent a risk if they are not well damped. The modes under study are wobble and weave (see [4] for more details on these two modes). In this section the stability of the motorcycle model fitted with a Duolever type of suspension is analyzed by means of root locus diagrams in a similar manner as previous works such as [5] , [6] , [7] and [8] . Once the model with the optimized Duolever is built in VehicleSim, nonlinear simulations under different running conditions are performed and the linearized state space matrices of the system are fed with the nonlinear simulations states values in order to study the evolution of the eigenvalues over the operating envelope. The root locus plots showed that the frequency of the pitch mode is around 43rad/s at 80m/s, which is the initial speed of the motorcycle in the braking simulation case. This mode that becomes less stable with the Duolever front suspension system is prone to affect the behaviour of the motorcycle, representing a handicap for these type of suspension systems.
From these simulations it is clear to see that fitting a Duolever suspension system produces instability in the wobble mode.
Wobble mode depends mainly on three factors that need to be taken into account: the mass and inertia of the front assembly and the damping ratio of the steering damper. If a high value of damping ratio is used, a more stable steering will be found at high speeds but it will be much less manoeuvrable at low speeds. Also, as it has shown in [6] , increasing the steering damping coefficient the weave mode becomes less stable.
Several commercial motorcycles with telescopic fork suspensions include steering dampers whose damping coefficients are variable with the speed. At the moment, the authors are investigating the possible benefits of including a speed dependant steering damper in the case of a Duolever suspension type. These results will be presented in a separate report.
V. CONCLUSIONS
The mathematical model used for this study corresponds to a Suzuki GSX-RIOOO. This motorbike is not fitted with a Duolever, it is designed to make use of a telescopic fork. The mathematical model was modified with a carefully designed new suspension system model based on reasonable assumptions. Some dynamical properties about this type of suspension system have been studied.
The Duolever suspension can be designed in order to get a determined behaviour of the wheelbase, the head angle or the trail and the normal trail. In this study, a configuration which provides a constant normal trail along all the suspension travel for a Duolever system was obtained.
In general, a Duolever suspension system provides an anti dive effect due to tyre's contact patch curvilinear trajectory.
One of the consequences of the optimization of the Duolever is the increased anti-dive effect that appears compared to the standard Duolever suspension with a parallelogram design.
The anti-dive effect would represent in most cases beneficial characteristics but, in tenns of oscillating behaviour, the pitch mode becomes clearly less damped compared to the case of standard telescopic fork suspension, representing in this way a possible risk issue under certain running conditions.
The advantages of the Duolever suspension system are meant to be the comfort, the manoeuvrability and the better performance of the front suspension, keeping the trails almost constant for all the suspension travel and presenting a relevant anti-dive effect. This allows the suspension to be fully operative on braking. However, it has been shown that less stable pitch modes are associated to this system.
It has also been shown how after including this suspension system in the model of a motorcycle which has not been designed to fit this type of suspensions, the wobble mode becomes unstable at high roll angles and medium-moderate speeds. Tn order to get wobble stability for the Duolever case, possibly a more complex steering damper unit depending on the speed should be design, or an inerter could be included.
These possible solutions are currently under investigation by the authors.
